This paper presents the evaluation of the photocatalytic kinetics of bisphenol A decomposition in the presence of commercial titanium(IV) oxide and modified photocatalysts (composites). The following modification methods were used: mechanical mixing, calcination and impregnation. The decomposition process was carried out with the addition of photocatalysts and activated carbon at doses of 100 mg/dm 3 and 25 mg/dm 3 , respectively. The photocatalytic process was performed in a reactor from the Heraeus Company (Warsaw, Poland) with a volume of 0.7 dm 3 . The reactor was equipped with an immersed medium-pressure mercury lamp with a power of 150 W (λ = 200-580 nm). The degree of bisphenol A decomposition was determined by chromatographic analysis preceded by solid-phase extraction SPE. The qualitative-quantitative analysis was performed using a high-performance liquid chromatograph HPLC (UV detector, λ = 218 nm) from Varian (Warsaw, Poland). The dependence of the BPA decomposition on the duration of irradiation was found, wherein the modified photocatalysts were the most effective (from 75 to 90% after 15 minutes). The order of photocatalyst efficiency has been proposed as follows: TiO 2 < TiO 2 /AC < C dextran -TiO 2 /AC < C methanol -TiO 2 /AC< C ethanol -TiO 2 /AC < TiO 2 -AC. The highest degree of decomposition was observed in the presence of TiO 2 /AC (99%). Numerous studies suggest that the results of the TiO 2 photocatalytic oxidation of organic substances fit well with the Langmuir-Hinshelwood (L-H) kinetic model. The kinetic parameters of the photocatalysis process were carried out according to the L-H model. According to the pseudo-first-order parameters, the results showed that the decomposition of bisphenol A was most intensive in the first 15 minutes of the process.
INTRODUCTION
The 2,2-Bis(4-hydroxyphenyl)propane, widely known as bisphenol A (BPA), is a pollutant classified as a contaminant of emerging concern (CEC). BPA is an organic compound used to produce polymers such as epoxy resins. It commonly appears in various everyday products, particularly in products that are in contact with food (infant feeding bottles, microwave ovenware, coatings on metal lids, etc.). BPA is considered an endocrine-disrupting compound (EDC) and can cause adverse endocrine disruptive effects. In the literature, bisphenol A is described as generating toxic effects in living organisms after short exposure times and chronic effects with long-term exposure. The described xenoestrogen is an anthropogenic impurity with a low acute toxicity, and poisoning from BPA is very rare [Careghini et al. 2015] .
Bisphenol A is emitted into the environment mainly via untreated industrial wastewater during manufacturing processes, and it leaches from products stored in poorly maintained landfills. Therefore, many sources result in a continuous release of this compound and an increase in its concentration in aquatic ecosystems. Analysis of samples collected from surface water from all over the world has shown the presence of BPA in aquatic ecosystems in Portugal, Italy, Denmark, USA and China (Table 1 ). In the ranking of the five largest manufacturers of BPA, China is the largest manufacturer, and Asian countries account for a major share of the global production of BPA (approximately 2.4 million tons). Environmental studies in China have shown that the concentrations of BPA detected in surface waters were comparable to global levels (less than 1 μg/dm 3 ) except for several areas with median concentrations higher than 4 μg/dm 3 [Ma et al. 2006; Dong et al. 2009 ]. The presence of organic compounds in surface waters and the necessity of their removal is one of the most important aspects of water treatment technology. Considering the low susceptibility of micro-impurities to biological degradation and the difficulty of removal them with conventional water treatment and wastewater treatment systems, new methods should be sought to eliminate pollutants from aquatic ecosystems. An alternative to classical technologies are advanced oxidation processes (AOPs). Their common chemical feature is the formation of a hydroxyl radical (OH • ), which drives the oxidation processes of organic compounds. AOPs include methods such as ozonation, photolysis and photocatalysis. These processes do not transfer the substances to another phase (e.g., an activated sludge) that requires further processing and elimination but they enable the complete removal of pollutants from water [Pirila 2015] . Numerous studies have shown that AOPs are highly effective in the elimination of pharmaceutical substances [Bohdziewicz et al. 2013 ], endocrine-active compounds [Dudziak et al. 2014 ] and heavy metals [Lenoble et al. 2003 ].
In recent years, photocatalytic oxidation using titanium(IV) oxide (TiO 2 ) powder or other semiconductors has received considerable attention. The photoactivation of TiO 2 requires enough energy to activate the semiconductor. A major drawback of commercial photocatalysts is their low activity under visible light (Vis). It forces the use of expensive, artificial light sources such as ultraviolet radiation (UV). Currently, second-generation visible-lightactive photocatalysts that can absorb the radiation in the visible range (λ > 400 nm) are under investigation. Therefore, many works have been focused on the modification of titanium(IV) oxide nanoparticles. The modification of TiO 2 has been used for various purposes, including increasing both the photocatalytic activity of the semiconductor and its efficiency in adsorbing pollutants, enhancing the separation performance of the TiO 2 powder from the aqueous phase after process and neutralizing the intermediates oxidation products [Inagaki et al. 2005] .
The aim of this work was to evaluate the photocatalytic kinetics of bisphenol A decomposition in the presence of commercial titanium(IV) oxide and modified photocatalysts (composites) based on TiO 2 , activated carbon and elemental carbon.
MATERIALS AND METHODS
In this experiment the experimental solutions were prepared using deionized water and an analytical standard of bisphenol A obtained from Sigma-Aldrich (Poznan, Poland) with a purity of 99.0%. A constant concentration of xenobiotics equal to 1.0 mg/dm 3 was used. The pH of the model solution was adjusted to 7 using 0,1 mol/dm 3 HCl and 0.2 mol/dm 3 NaOH. The physicochemical characteristics of BPA are presented in Table 2 .
The commercial TiO 2 -P25 (approximately 75% of anatase) with a specific surface area S BET of 50 ± 15 m 2 /g and mean particle size of 21 nm was doped with carbonaceous materials. The sources of carbon were commercial activated carbon CWZ-30 from Gryfskand, methyl alcohol of a purity of 99.5% and ethyl alcohol of a purity of 96.0% from Avantor Performance Materials Poland S.A. (Gliwice, Poland) and dextran 110 000 with 98.5% purity by Polfa KUTNO (Kutno, Poland). The physicochemical characteristics of the base materials are summarized in Table 3 .
SYNTHESIS OF PHOTOCATALYST SAMPLES
Six types of photocatalysts were tested, namely a commercial titanium(IV) oxide, TiO 2 -activated carbon mixture (TiO 2 -AC), com- posite consisting of activated carbon and titanium dioxide (TiO 2 /AC) and composites consisting of activated carbon, titanium dioxide and three sources of elemental carbon (methanol (C methanol -TiO 2 /AC), ethanol (C ethanol -TiO 2 /AC) and dextran (C dextran -TiO 2 /AC)). The photocatalysts doped with carbonaceous materials were prepared using a hybrid method based on the following preparation techniques: mechanical mixing, calcination and impregnation. The modification of commercial TiO 2 was started by mixing the semiconductor nanoparticles and activated carbon in deionized water with a ratio of 80:20 (w/w). The suspension was magnetically stirred at room temperature for 30 minutes in the dark and then calcined in a furnace at 300°C for 8 hours. The resulting photocatalyst is referred to as TiO 2 /AC. To prepare the alcoholmodified photocatalysts, the same procedure was repeated; however, methanol or ethanol was added dropwise to the previously prepared composite (1:1, w/v). The C-TiO 2 /AC photocatalyst was magnetically stirred in the dark for 30 minutes and then placed in the drying oven at 80°C for 6 hours. The following symbols were used: C methanol -TiO 2 /AC and C ethanol -TiO 2 /AC. The composite marked as C dextran -TiO 2 /AC was prepared by thoroughly dissolving sugar in a TiO 2 -AC suspension with a ratio of 80:20 (w/w). Details of each calcination process are shown in Table 4 .
INSTRUMENTS AND ANALYTICAL METHODS
Deionized water spiked with analytical standards of the studied compounds at a constant concentration of 1000 mg/dm 3 was irradiated with an immersed medium-pressure ) by Heraeus ( Figure  1 ). The temperature of the reaction mixture was approximately 20-21ºC owing to a cooling jacket. An aeration pump with a capacity of 4 dm 3 air for 1 minute was introduced into the reactor.
The photocatalytic process was investigated in the presence of a commercial photocatalyst, activated carbon and modified photocatalysts. Photocatalytic experiment was carried out at a catalysts dose of 100 mg/dm 3 . In the assisted photocatalysis, the dose of activated carbon applied to the reaction mixture reached 25 mg/dm 3 . The solutions of bisphenol A were irradiated continuously for 45 minutes. In the preliminary study, a 15-minute contact time was set to ensure the adsorption of micropollutants on the surface of the catalyst (adsorption). The adsorption process was carried out in the dark. In this way, the sorption efficiency of the photocatalysts was determined. The samples for analysis were collected after 5, 10, 15, 20, 30 and 45 min of the reaction. The heterogenic photocatalysis in the presence of pure titanium dioxide is denoted as TiO 2 , whereas the mixture of titanium(IV) oxide and activated carbon is labelled as TiO 2 -AC. For the modified photocatalysts, the following determinations were used: TiO 2 /AC, C methanol -TiO 2 /AC, C ethanol -TiO 2 /AC and C dextran -TiO 2 /AC.
The removal rates of bisphenol A before and after the photocatalytic process were determined by the chromatographic analysis preceded by solid-phase extraction (SPE) 
The pseudo-first order rate constant k was determined for each photocatalyst since it enables one to estimate the photocatalytic activity of the catalyst. The integral form of the pseudo-first-order rate equation is usually expressed by Equation 2:
where C 0 and C are the initial and final concentrations of BPA at time, t = 0 and t = t, where t is the irradiation time. 
RESULTS AND DISCUSSION
The adsorption behaviour and the pollutant decomposition efficiency increase as the surface area of the photocatalyst increases. Ao et al. [Ao et al. 2003 ] observed that a higher active surface area provides more hydroxyl radicals and, by extension, a higher degree of decomposition of pollutants. The elimination of bisphenol A was the most effective during the sorption process of contaminants on the photocatalyst nanoparticles, which is evidenced by the results from "0" min, i.e., before the radiation source was switched on (Figure 2) . It was observed that the compound was adsorbed in the range from 50 to 97%. The highest value of this parameter was observed in the system referred to as TiO 2 -AC. A highly developed surface area of activated carbon in the range from 700 to 1800 m 2 /g plays a crucial role in the sorption of bisphenol A. However, in this case the decomposition of the studied compound was dominated by the adsorption process, and the particles of the macromolecular substance were only transferred to another phase. While the chromatographic analysis showed a reduction in the concentration of bisphenol A, it could be adsorbed deeply inside the micro and mesopores of the activated carbon (Figure 3) . Thus, it was not decomposed. Despite the important role of the surface area of photocatalysts, Matsunaga et al. [Matsunaga and Inagaki 2006] showed a negative effect of carbon on the activity of the photocatalysts. Large amounts of carbon coating the surface of TiO 2 reduced its ability to absorb UV light.
Based on the chromatographic analysis results, the decomposition of bisphenol A was higher for modified photocatalysts than for commercial TiO 2 . Additionally, the increased time of exposure to UV radiation showed a decrease in the BPA levels. The results are presented in Figure 2 in consideration of the catalyst used. The greatest reduction in the concentration of bisphenol A was observed for the experimental solutions irradiated in the presence of the considered materials. The initial concentration of the tested micropollutant was reduced by 65 to 98% over 15 minutes of irradiation. After 45 minutes of irradiation, the highest degree of decomposition of the organic compound was found in the TiO 2 -AC Figure 2 . Decomposition of bisphenol A in the photocatalytic process at different photocatalyst configurations process (99%). The photocatalysts doped with elemental carbon were equally as effective. For the elemental carbon-doped photocatalysts, the initial concentration of bisphenol A was reduced by approximately 95%.
The effect of the number of elemental carbon atoms on the efficiency of bisphenol A decomposition was observed for the following configurations: C methanol -TiO 2 /AC, C ethanol -TiO 2 /AC and C dextran -TiO 2 /AC. The concentration ratio C/C 0 increased as the number of carbon atoms increased. After irradiation of experimental solution in the presence of the methanol-modified catalyst (one carbon atom), the decomposition level of bisphenol A was greater compared to that of the C dextran -TiO 2 /AC photocatalyst, which was modified using a compound of six carbon atoms.
Based on the Langmuir-Hinshelwood model, the following kinetic parameters of the photocatalysis process were carried out: pseudo-firstorder rate constant k, the coefficient of determination R 2 and the half-life t 1/2 . The results are described in Table 5 . The dependence of theln(C/C 0 ) function on the time of irradiation (t 1/2 ) is shown in Figure 4 .
From earlier observations, the pseudo-firstorder parameters indicated that the bisphenol A oxidation reaction was much faster in the presence of modified photocatalysts. One of the parameters indicating the dynamics of the ongoing processes is the pseudo-first-order rate constant k. Analysis of the k parameter in the photocatalytic process indicates rapid decomposition during first minutes of the photocatalytic processes. The results showed that the decomposition of bisphenol A was most intense in the first 15 minutes of irradiation. Within this time, the data fitted to the linear equation showed very good correlation coefficients R 2 . However, lowering the k constant from 15 to 30 minutes of the photooxidation process may be due to the reduction of the photocatalyst surface due to the agglomeration of the intermediate particles. The two-stage oxidation process is mainly attributed to the formation of intermediate products, which, after adsorbing on the photocatalyst surface, block the active sites of the semiconductor. Their quantity depends on the amount of output pollutants adsorbed on the photocatalyst surface and, thus, on the success of the pollutant decomposition [Ao et al. 2003 ]. In elemental carbon-doped photocatalysts, the correlation between the degree and rate of recombination of the electron-hole pairs (e --h + ) and the number of elemental carbon atoms in the structure of pure TiO 2 has been observed. When the concentration of foreign elements is too high, it causes the distance between the e --h + pair to be too low. The effect is a lack of the separating force [Carp et al. 2004] . Photocatalysts doped with elemental carbon exhibit a pseudo-first-order rate constant, k, that is more than three times higher than that of commercial titanium(IV) oxide. The greatest value of the k parameter was noted in the catalyst referred to as C methanol -TiO 2 /AC (k = 0,078 min bination process, which in turn leads to the inhibition of the pollutant decomposition. Above observations are confirmed by the analysis of the half-life t 1/2 results, which are presented in Table 5 . Statistical indices, such as the standard deviations (SD), were used to evaluate the model adequacy. It is defined in Equation 3:
where: X i is the experimental values of parameters, X is the mean value of the parameter, N is the number of experimental data.
Data analysis indicates satisfactory accuracy in the estimation of the kinetic constant for the measured parameters (pseudo-first-order rate constant k, coefficient of determination R 2 , and half-life t 1/2 ). During the first period of the process (up to 15 minutes), the appointed half-life of the model was higher compared to the decomposition of bisphenol A from 15 to 45 minutes of photocatalysis. This was due to the increasing level of intermediate compounds with the elongation of Table 6 presents the classification of the chemical reaction rates based on their halflives. It was observed that in the first 15 minutes the bisphenol A photodegradation process proceeded at a moderate rate. Recombination of the electron-hole pairs slowed the reaction, whereby the continued irradiation of the solutions allowed the reaction to be classified as slow.
CONCLUSIONS
In this paper, the kinetics of bisphenol A decomposition in the presence of commercial titanium(IV) oxide and photocatalysts modified with carbonaceous materials were evaluated. It was found that the level of bisphenol A decomposition increases with irradiation time wherein the modified photocatalysts were the most effective compared to commercial TiO 2 . The proposed hybrid method involved the modification of titanium dioxide to produce materials with enhanced properties for removing BPA in comparison to the properties of commercial titanium dioxide. Therefore, the addition of carbon sources such as alcohols, sugars and activated carbon generated photocatalysts characterized by higher activity. It was observed that the photocatalysts adsorbed the tested compound in the range from 50 to 97%. A significant effect of activated carbon on this process was found. Modification of the pure photocatalyst intensified the decomposition process of the organic compound, demonstrating a removal rate that exceeded 98%. Based on the Langmuir-Hinshelwood model, a significant difference between the rate of micropollutant degradation in the first 15 minutes of irradiation and between 15 and 45 minutes of the process was found. Half-lives of the compound in the first 15 minutes of the process ranged from 22 to 27 minutes. The t 1/2 value was half that of commercial titanium(IV) oxide. The analysis of the photochemical oxidation kinetics revealed the two-stage oxidation process of the bisphenol A decomposition. No intermediate bisphenol A degradation was found only for the TiO 2 / AC composite, indicating a slowdown in the recombination process of the electron-hole pairs, which contributes to the inhibition of the pollutant decomposition reaction. 
